A proton beam with the basic structure defined by the the LHC requirements, was first available for injection into the SPS in 1998. At the end of 2002. following a significant beam-studies and RF hardware upgrade programme, a beam having both the nominal LHC intensity and the correct longitudinal parameters was obtained at top energy for the first time. This beam. characterised by high local density, must satisfy strict requirements on bunch length, longitudinal emittance and bunch to bunch phase modulation for extraction to the LHC, where only very limited particle losses are acceptable. The problems to be solved came mainly from the high beam loading and microwave and coupled bunch instabilities which led both to beam losses and to unacceptably large longitudinal emittance on the flat top. In this paper the steps taken to arrive at these nominal beam parameters are presented.
INTRODUCTION
The preparation of the CERN SPS for its future role as an injector of LHC started well before the first LHC type beam was available from the PS injector. At the beginning work concentrated on single bunch stability. Duing the studies of microwave instability, which started in 1995. the guilty impedances were identified and then the sources shielded two years ago. Single bunch reference measurements before and after the impedance reduction are summarised below together with final results for the whole LHC beam. The nominal LHC beam consists of 3 or 4 batches with 12 hunches each. Bunches are spaced by 25 ns and batches by 22011s. Nominalbunchintensity attopenergyis 1.1 x10".
To cope with expected large longitudinal emittances, it was suggested in 1998 to install an additional 200 MHz RF system in the LHC for beam capture and injection damp ing. In this case bunches with an emittance E around 1 eVs would be acceptable. For loss-free capture in the LHC with the main 400 MHz RF system alone, in the presence of expected energy and phase errors, E should be less than 0.7 eVs and the bunch length T < 2 ns. A t injection into the SPS (26 GeV) E = 0.35 eVs.
The LHC beam was first injected with hunch and total intensity much lower than nominal. Even so it was unstable first on the Rat bottom, then during the ramp after 5 s of acceleration (280 GeV), and again on the flat top (450 GeV).
The continuous emittance blow-up due to the microwave instability, leading to beam losses on the flat bottom had disappeared in 2001. after the impedance reduction. From then on the main efforts to obtain nominal LHC beam 
IMPEDANCE REDUCTION
The impedance reduction programme in the SPS was completed during the shutdown of 2000l2001. Around loo0 vacuum ports were shielded [I], different types of kickers and septa were screened, and all lepton equipment including 3 RF systems was removed from the ring.
The single bunch reference measurements in 2001 have demonstrated significantly improved stability 121. The change of quadrupole synchrotron frequency shift with intensity by a factor 2.5 agrees well with that expected from the reduction in the low frequency inductive impedance estimated from the impedance budget (from 12. 4 Ohm to 5.6 Ohm). The space charge impedance at 26 GeV is -1 Ohm. The slope of the bunch lengthening curve is reduced by a factor 7; emittance blow-up due to the microwave instability is seen before the impedance reduction but hunch lengthening due to the potential well distortion after. In the measurements of bunch spectra with RF off, the resonant peaks due to the vacuum ports (above 1.3 GHz) and kickers (at 400 MHz) have disappeared.
For the LHC type beam, no emittance blow-up is observed now on the flat bottom, and even some controlled emittance blow-up is necessary as a cure for coupledbunch instabilities at high energies (see below).
The impedance of the main RF system around the fundamental (200 MHz) frequency had long been recognized to be a serious problem not only for beam loading but also for coupled-bunch instability . However a coupled-bunch instability (dipole mode) with frequency < 2 MHz was still observed on the flat bottom at half nominal intensity. In 2002 the feedback bandwidth was therefore increased (2 MHz single-sided) and two cavities were equipped with a longitudinal damping system capable of damping dipole modes up to 3 MHz during the full acceleration ramp.
In 2003 three of the 200 MHz cavities will have new power couplers. They are rated for more than 1 MW continuous power per cavity. With improved multipactoring control they should also allow low voltage without counterphasing, thus easing operation under beam loading [7] . In 2002, after the scrubbing run at the beginning of the operation year, the nominal intensity could be reached without serious problems from vacuum pressure increase due to e-cloud 161. As a result of all upgrades to the 200 MHz RF system, this beam was stable on the Rat bottom. However a coupled bunch instability was observed at 280 GeV (16 s) for a single hatch with an intensity as low as 2 x 
INSTABILITY AT HIGH ENERGY

Effect of voltage programme
The main purpose of these studies was to optimise the 200 MHz voltage (VI) through the cycle to obtain minimum emittance and bunch length on the flat top. As a basis we used a voltage programme for E = 0.5 eVs with a constant filling factor in momentum of 0.95. In all the cases studied the beam was unstable well below the nominal intensity. The emittance measured on the flat top was larger for higher voltage during the cycle, and increased also with intensity. For the voltage programme in Fig. 1 (left) , E = 0.73 eVs was obtained at 450 GeV for a single batch with nominal intensity at injection (-10% lower at 450 GeV). Measurements of hunch length (averaged over the last 5 bunches in the hatch, which are the most unstable ones and can have up to 50% more emittance blow-up than the first bunches) through this cycle are presented in Fig. 2 (top left) and should be compared with the expected behaviour during the cycle from Fig. 1 (left) .
Measurements in 2000 for 48 bunches with intensity 8. is due to a higher frequency impedance, so that reducing the bunch length has the opposite effect [9] . The decrease of the threshold towards the end of the cycle and the sharp drop on the flat top in Fig. 1 explain very well the instability observed at 16 s and then later again on the flat top.
High harmonic RF system
The stabilising effect of the 800 MHz RF system can be seen in Fig. 1 (right) and Fig. 2 (top right) . The total voltage seen by the beam in the presence of two RF systems is:
(1)
The phase shift A$ was programmed through the cycle to increase the synchrotron frequency spread using the bunch shortening(BS)mcde: A 4 = a-44,. The 800MHzvolt-age was limited through the cycle to the level V& 5 0.1 [IO] to avoid creation of a flat zone in the synchrotron frequency distribution outside the hunch center, where Landau damping can he lost.
Until the effect of beam loading in the idling 800 MHz cavity was taken into account, there was a large difference in the phase shift A$ required for BS mode between the flat bottom and flat top due to the heam induced voltage. Correction of this phase shift eliminated additional emittance blow-up, Fig. 2 (bottom left) . As a result the beam became unstable on the flat top and a small controlled emittance blow-up had to he introduced.
Controlled emittance blow-up
The optimum (minimum) controlled emittance blow-up in the SPS should ensure at the same time both beam stability and minimum loss at the SPS-LHC bunch to bucket The resonant excitation at 16 s during IO t n s (bucket m a 0.75 eVs) provided an emittance increase to 0.6 eVs. This was done using parameters optimised for the 4th harmonic 
SUMMARY
Bunch lengths (4u Gaussian fit) in the range (1.51 -1.58) ns, depending on the batch number, and averaged over 50 bunches, were finally obtained on the flat top for 4 Gatches in the ring with the nominal bunch intensity 1.1 x 10". These hunch lengths correspond to emittances of (0.52 -0.56) eVs, well below our initial target. These bunch parameters together with the hunch to bunch phase modulation of i0.065 ns achieved (VI = 7 MV), the expected energy error i 5 0 MeV and reserve for an eventual synchronisation error (say zk0.13 ns) should provide minimum particle loss at injection into the LHC even in the ahsence of the 200 MHz RF system, which consequently will not he installed in the LHC at least for nominal intensities.
These results have been achieved due to the SPS impedance reduction, the commissioning of improved feedback. feedfonvd and damping systems based on the 200 MHz RF system and the use of the 4-th harmonic RF system both for beam stabilisation by increasing synchrotron frequency spread through the cycle and controlled emittance blow-up during the ramp.
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